As a potential red-light source in the white light emitting diodes (LEDs), Mn-doped magnesium fluorogermanate (Mg 28 Ge 7.5 O 38 F 10 ) are investigated by the first principles calculation with the Heyd-Scuseria-Ernzerhof (HSE) functional. The results demonstrate that the neutral Mn substitutions at the Mg (Mn Mg ), octahedral Ge (Mn ( ) Ge oct ) and tetrahedral Ge (Mn ( ) Ge tet ) sites are all energetically favorable. However, only Mn Mg could create proper transition levels leading to the experimentally observed red-light emission under near ultraviolet (UV) excitation. Our results provide fundamental understanding of the Mn defects behavior and the corresponding red-light emission in Mn-doped magnesium fluorogermanate.
Introduction
In the last few decades of searching for promising light sources to replace traditional incandescent and fluorescent lamps, the white light emitting diodes (LEDs) have attracted much attention due to their energy-saving and environment-friendly properties [1, 2] . A crucial strategy to fabricate white LEDs is to utilize near-UV LED chips to excite blue/green/red tricolor phosphors, especially for high-quality lighting applications [3] . A series of red phosphors have been presented for white LED application, such as sulfides activated by rare-earth ions [4, 5] , molybdates/tungstates [6, 7] , nitrides [8] [9] [10] etc. However, sulfide phosphors are thermally unstable and sensitive to humidity. Eu-doped molybdates and tungstates suffer from low absorption strength for blue or near-UV excitation. In addition, due to the broad absorption band in nitride phosphors, total luminous efficiency of the final white LEDs devices will be reduced when nitride phosphors are mixed with blue/green/ yellow phosphors for white light generation [8] [9] [10] .
As a traditional red-light phosphor, magnesium germinates (Mg 28 Ge 10 O 48 ) possesses a high temperature stability of 350 °C [11, 12] . It is also claimed that replacing part of MgO with MgF 2 , forming the magnesium fluorogermanate (denoted as MFG), could improve the photoluminescence efficiency, emission intensity and temperature stability [11, 13] . In 2010, Okamoto et al have reported that Mn-doped MFG are prospective candidates of deep-red phosphors in white LEDs fabrications [14] . Though in experiments, the Mg atom is suspected to be substituted by doped Mn [14, 16] , no solid evidence has been proposed yet. Secondly, the relationship between the red-light emission and the Mn defect behavior is still unknown.
In this paper, the first principles calculation is performed on Mn-doped MFG. (1) The crystal structure and electronic properties of MFG are examined under the Heyd-ScuseriaErnzerhof (HSE) functional [20, 21] . (2) The defect formation energy of several possible Mn-doped MFG models are evaluated and Mn substitution at the Mg site (Mn Mg ) and Ge sites (Mn Ge ) are proved to be energetically favorable. (3) The Mn related defects and the corresponding transition levels are obtained and the potential red-light emission is triggered by the proper transition levels introduced by Mn substitution at the Mg site and tetrahedral Ge site. (4) The electronic structures and optical properties of Mn Mg on MFG are determined to further discuss the red-light emission mechanism. Our results provide quantitative data for luminescence of Mn-doped MFG and a guideline for further luminescent-efficient improvement of the MFG-based light-emitting diodes, such as AlkalineEarth Fluorides doping [14] .
Calculation details
All the calculations are performed with a × × 1 2 1 supercell containing 167 atoms(see figure 1(a) ). The total energy calculations are performed using the plane-wave pseudopotential method, as implemented in the Vienna ab initio simulation package (VASP) code [17, 18] . The exchange-correlation function is treated by means of the generalized gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (known as GGA-PBE) functional [19] . The hybrid functional of Heyd-Scuseria-Ernzerhof (HSE) is adopted to obtain more accurate electronic structures [20, 21] 
Results and discussion

Electronic structures of pristine MFG
The total and projected density of states (DOS) of the pristine MFG are calculated and the Fermi level (E F ) is set as zero energy. The projected DOS of Mg-3 s, F-2 p, Ge-4s, Ge-4 p, and O-2 p orbitals are plotted in figure 2(a). The valence band maximum (VBM) is mostly contributed to by O-2 p orbitals and the conduction band minimum (CBM) is mainly composed of the Ge-4 s orbital. From the band structure (figure 2(b)), the MFG exhibits a direct band gap at Γ-point. The band gap (E g ) calculated by the GGA-PBE functional is 3.46 eV while the HSE hybrid functional produces a larger value of 5.17 eV, a typical insulating behavior, which is in accordance with experimental observations [13] [14] [15] [16] .
Formation energy
To demonstrate the stability of the defects, the formation energies of the defects with different charge states are calculated by the following formula [23] [24] [25] : 
where
is the total energy for a full relaxed supercell with the defect D in the charge state q, and E bulk is the total energy of a reference defect-free supercell. n i (i = Mn, Mg, Ge,) is the atom number added to (removed from) the pristine supercell in forming the corresponding defect and µ i is the chemical potential of element i in MFG. The E F in equation (1) is referenced with respect to the VBM and is allowed to change from 0 to E g . E VBM bulk represents the Kohn-Sham eigenvalue of the VBM in a pristine MFG system. In different defect systems, it is necessary to line up the potential of the defect supercells with the pristine bulk. , which could be represented as [26] :
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For the chemical potentials of Mn and O in the Mn doped MFG should be limited in a certain range, where the oxygen will not form O 2 . Thus in the oxygen-rich limit (Mn-poor limit), µ O is half the total energy of a O 2 molecule, i.e.
and in the oxygen-poor (Mn-rich limit), Mn should not form Mn bulk either,
where are the total energies of one F 2 molecule, one formula unit of MgO and GeO 2 , respectively. In order to form MFG, the total energy of Mn-doped MFG could be written as:
where N j is the total atom number of element j ( j = Mn, Mg, Ge, O, F) in the defect supercell.
is the total energy of neutral Mn-doped MFG. Thus, the µ O should be within the range of: Figure 3 shows the defect formation energy as a function of the Fermi level under the O-poor and O-rich limit. In both limits, the Mn i exhibits a large formation energy in all charge states, which indicates that such a defect could hardly occur in appreciable concentrations. Among Mn Ge defects, Mn ( ) Ge tet is more favorable than Mn ( ) Ge oct and tends to be the most stable defect when E F is above 2.59 eV. When the E F is below 2.20 eV, Mn Mg is energetically favorable.
Transition levels and red-light emitting
Due to the multiple charge states, the defects in semiconductors and insulators possess different transition levels, on which the optical characteristics (emission and absorption) depend [25, 28] . Thus, only proper transition levels could lead to the red-light emission in Mn-doped MFG. The transition levels obtained from the formation energy curves are shown in figure 4 (a). On the one hand, the Mn Mg could form a shallow transition level (4+ /2+) above the VBM and deep levels (2+ /+), (0/2−) and (+/0) in the band gap. The UV exciting light creates electron-hole pairs. The electrons are excited to the transition level (2+ /+) and the holes could be trapped at VBM or the shallow level (4+ /2+). Red-light emission could be triggered by the recombination of electrons in the (2+ /+) level and holes in the VBM or (4+ /2+) level, where the redlight wavelengths are about 689 nm and 743 nm, respectively ( figure 4(b) ). On the other hand, Mn ( ) Ge tet creates transition levels of (+/0), (0/−) and (−/2−) within the band gap. The possible red-light emission could also occur when electronhole pairs recombine from (−/2−) to (+/0), as shown in figure 4(b) . However, part of the electron could transit from (−/2−) to (0/−), which would weaken the red-light emission. Moreover, the transition levels of (−/2−) and (0/−) are so deep that electron-hole pairs could hardly occur under near UV excitation. Thus, the red-light emission caused by Mn ( ) Ge tet has a low possibility. For Mn ( ) Ge oct , no proper transition level could produce red-light emission, because the UV energy in experiments is not enough to excite the electrons from VBM to CBM [16] . The effect of Mn in Ge(oct) and Ge(tet) sites are different because their ligand fields are different [29] . Within the lattice, the symmetry of the crystal field environment could be changed, and the energy splitting is adjusted accordingly. Though transition energy levels of Mn i are suitable for red-light emission in photoluminescence, the high formation energy of such a defect would not produce strong red-light emission as observed in experiments.
Electronic structures and optical properties of Mn Mg on MFG
The total and partial DOS of the neutral Mn Mg on MFG are demonstrated in figure 5(a) . It can be seen that the VBM is mainly composed of O-2p orbital and the conduction band minimum (CBM) is mostly contributed to by the Ge-4s orbital. The formation of neutral Mn Mg introduces defect levels at about ∼0.32 eV, ∼1.67 eV and ∼2.12 eV above the VBM, respectively. The partial DOS reveals that the state at ∼0. The band structure of Mn Mg is shown in figure 5(b) . The Mn Mg forms three defect bands inside the band gap at 0.32 eV, 1.67 eV and 2.12 eV at Γ point above the VBM. The electrons are excited to the defect levels at 1.67 eV and 2.12 eV. Redlight emission in 743 nm could be triggered by the recombination of electrons in the 1.67 eV level and holes in the VBM. Moreover, the recombination of electrons in the 2.12 eV level and holes in 0.32 eV level could result in 689 nm red-light emission. The conclusion reached by the band structure is consistent with results from transition levels.
To estimate optical properties in the MFG and Mn-doping MFG, the absorption coefficient versus photon energy were plotted (as shown in figure 6 ). The peaks distribute in a sequence similar to that in DOS (see in figure 5(a) ). For neutral MFG, with increasing photons the peak at ∼5.68 eV corresponds to the transition from the 2p orbital of the valence band to the 4s orbital of conduction band, which is close to the band gap obtained from the band structure. For Mn Mg on MFG, the Fermi-level of neutral Mn Mg is higher than the defect states in the band gap and these defect states are filled with electrons, leading to difficulty in electron transition between these states. However, the Fermi-level in Mn Mg with the 4 + charge state moves downward and locates at ∼0.23 eV above the VBM. Electrons could be excited to the state around 1.67-2.12 eV from the VBM or from the impurity level at ∼0.32 eV more efficiently. Therefore, the two peaks around 0.42 eV and 1.98 eV in neutral Mn Mg are much weaker than those in the 4 + charge state. The two peaks located at ∼0.42 eV and ∼1.98 eV account for transitions between the 2p orbitals in the VBM and 3d orbitals of Mn atoms. According to the dipole transition selection rule, in contrast to the allowed 2p-3d transition of MnMg on MFG, the red-light emission peaking at 795 nm which arises from the forbidden 3d-3d transition of Mn is very weak. Thus, the electrons could be excited to 1.98 eV levels under UV lighting and recombine with holes in the VBM, which corresponds to red-light emission of 626 nm. 
Summary
In summary, the electronic structure of magnesium fluorogermanate (Mg 28 Ge tet could create levels that lead to red-light emission, the possibility is rather low. And Mn ( ) Ge oct has no suitable defect levels for photoluminescence. Further discussion on electronic structures and the absorption spectrum support the conclusion of red-light emission in Mn Mg MFG. Our results provide an insight of the defect states in Mn-doped MFG and also reveal the mechanism of red-light emission enhanced by Mn doping. Meanwhile, these conclusions could be very helpful in the rational design of LEDs based on doped MFG and other materials.
